DFT calculation of core– and valence–shell electron excitation and ionization energies of 2,1,3-benzothiadiazole C6H4SN2, 1,3,2,4-benzodithiadiazine C6H4S2N2, and 1,3,5,2,4-benzotrithiadiazepine C6H4S3N2  by Takahata, Yuji & Chong, Delano P.
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a  b  s  t  r  a  c  t
The  vertical  core–  and  valence–shell  electron  excitation  and ionization  energies  of the three  title
molecules,  1–3, were  calculated  by density  functional  theory  (DFT)  using  adequate  functional  for  each
type of  processes  and  atoms  under  study.  The  inner  shells  treated  were  C1s, N1s, S1s,  S2s,  S2p.  Molecular
geometry  was  optimized  by DFT  B3LYP/6-311  + (d,p).  The  basis  set  of  triple  zeta  plus  polarization  (TZP)
Slater-type  orbitals  was  employed  for DFT  calculations.  The  SCF  method  was  used to  calculate  ioniza-
tion  energies.  The  average  absolute  deviation  (AAD)  from  experiment  of 26  valence-electron  ionization
energies  calculated  by  DFT  for the  three  molecules  1–3 was  0.14  eV; while  that  of  24 calculated  core-
electron  binding  energies  (CEBEs)  from  experiment  was  0.4  eV.  Selected  core  excitation  energies  were
calculated  by  the multiplet  approximation  for  the  three  molecules.  The  AAD  of twelve  calculated  core
excitation  energies  by  the multiplet  approximation  that  exclude  S2s  cases  was  0.56  eV.  Time-dependent
DFT  (TDDFT)  was  employed  to  calculate  the  excitation  energies  and  corresponding  oscillator  strengths  of
core-  and  valence-electrons  of the molecules.  Some  selected  occupied  core  orbitals  were used  to calcu-
late the  core-excitation  energies  with  the TDDFT  (Sterner–Frozoni–Simone  scheme).  The  core  excitation
energies  thus  calculated  were  in  an  average  error  of  ca. 28 eV compared  to observed  values.  They  were
shifted  to the  value  calculated  by  the  multiplet  approximation.  Convoluted  spectra  based  upon  the  shifted
energies  and accompanying  oscillator  strengths  reproduce  low-energy  region  of  observed  spectra  reason-
ably  well,  whereas  they  deviate  from  experiment  in high-energy  region.  Reasonable  agreement  between
theory  and experiment  was  obtained  for  the valence  electron  excitations  of  the  molecules.. Introduction
The title compounds are -electron systems:
,1,3-benzothiadiazole 1, with 10 -electrons; 1,3,2,4-
enzodithiadiazine 2, with 12 -electrons [1];  and 1,3,5,
,4-benzotrithiadiazepine 3, with 14 -electron [2] (see Fig. 1).
itchcock et al. [3] observed valence and inner-shell electronic and
hotoelectron spectra of 1–3 in order to probe fully their electronic
tructure. The observed spectra were analyzed and assigned based
n the knowledge obtained from the molecular orbital calculation
f neutral ground state molecules using the semi-empirical MNDO
ethod.
∗ Corresponding author at: Amazonas State University, Av. Darcy Vargas, 1200,
arque 10, 69065-020 Manaus, AM,  Brazil. Tel.: +55 19 21212900;
ax: +55 19 35213023.
E-mail address: taka@iqm.unicamp.br (Y. Takahata).
368-2048/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.elspec.2012.09.015© 2012 Elsevier B.V. All rights reserved.
The objectives of the present study are two folds: ﬁrst, to
calculate ionization energies of the title compounds 1–3 using
techniques developed previously, and secondly to develop a com-
putational technique to calculate excitation energies of the title
compounds inner-core electrons [4] using the density functional
theory. Spectra of the three molecules will be convoluted using
the calculated excitation energies and oscillator strengths, and they
will be used to analyze and assign the spectra from [3].
2. Method of calculation
The molecular geometry optimized by DFT with B3LYP/6-
311 + (d,p) using the Gaussian03 program [5] was used for all types
of calculations reported in the present work. In this study, the
Amsterdam Density Functional (ADF) program was also employed
[6]. The calculated ionization energies and excitation energies are
all vertical type. The basis set of triple zeta plus polarization (TZP)
was employed for ADF calculations.
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cig. 1. The three molecules studied: 2,1,3-benzothiadiazole C6H4SN2 (1), 1,3,2,4-
enzodithiadiazine, C6H4S2N2 (2), 1,3,5,2,4-benzotrithiadiazepine C6H4S3N2 (3).
ymmetry of 1 and 3 is C2v, while that of 2 is Cs.
.1. Ionization energies
Valence- and core-electron ionization energies (IE) were calcu-
ated by the SCF method, Eq. (1):
E = [EKS(M+) − EKS(M)] + Crel (1)
here EKS(M+) is the Kohn–Sham total energy of the cation, M+, and
KS(M)  is the Kohn–Sham total energy of the neutral ground state
olecule M.  Valence electron ionization potentials (VIP) were cal-
ulated by Eq. (1) without the relativistic correction, i.e. Crel = 0. The
tatistical average of orbital potentials SAOP [7,8] was  employed for
he SCF (=potential) part of the calculation and the energy counter-
art was calculated using XC energy functional, PBE0 [9].
For the calculation of CEBEs for C1s and N1s, exchange-
orrelation (XC) functional pw86x-pw91c was  used. A small
elativistic correction Crel was included in the CEBE calculations
n Eq. (1).  The relativistic corrections were approximated by an
mpirical equation [10]:rel = KINnr (2)
here Inr is the non relativistic CEBE and Crel is the relativistic
orrection in eV. When Inr is in eV, K = 2.198 × 10−7 and N = 2.178.y and Related Phenomena 185 (2012) 475– 485
For calculation of S1s CEBE, we adopted the method developed in
a previous publication [11]. It uses Eq. (1) in which the statisti-
cal average of orbital potentials SAOP was employed for the SCF
(=potential) part of the calculation and the energy counterpart was
calculated using XC functional, BmTau1 [12]. The relativistic correc-
tion was calculated by Eq. (2),  with K = 6.250 × 10−7 and N = 2.0616.
For calculation of S2p CEBE, we  followed a slightly different pro-
cedure reported in a previous publication [13]. The combination of
OPTX exchange [14] and LYP [15] correlation functional was used.
Relativistic effects have been estimated by the scalar zeroth-order
regular approximation [16].
2.2. Excitation energies
For valence excitation spectra, we  followed the usual procedure
of TDDFT using XC potential SAOP. Such a method would be impos-
sible for core-electron excitations because of the very large number
of excited conﬁgurations. Fortunately, ADF has equipped an option
to reduce the computational costs of core excitation energies by
allowing only selected occupied orbitals and/or selected virtual
orbitals in the TDDFT calculations. In this scheme, the complete
one-electron excited state conﬁguration space is reduced to the
subspace where only the core electrons are excited. This scheme is
based on the work of Sterner–Frozoni–Simone [17]. Let us call this
scheme of calculating core excitation energies as, SFS scheme, in
short. The principal advantage of the SFS scheme is its ability to cal-
culate a large number of excitation energies and oscillator strengths
in a single run in short time. Another advantage of the SFS scheme
is to be able to neglect the coupling between core excitations and
valence ionizations to the continuum, since the coupling between
core excitations and valence ionization is expected to be very small
[18]. Let us consider the case of the excitations from the molec-
ular orbitals that are consisted of six carbon 1s (C1s) in molecule
1 as an example. The SFS scheme calculated the lowest excitation
energy as 267.60 eV, whereas the corresponding observed value
is 284.44 eV. The error is 16.84 eV. Average error of core excita-
tion energies calculated by the SFS scheme for the ﬁve cases, C1s,
N1s, S2p, S2s, and S1s of 1, is 28.8 eV. The absolute core excitation
energies are quite sensitive to the potential employed for calcula-
tion. The error could be reduced substantially by employing some
other unknown optimum functionals. However, we do not invest
our time and effort to search for such optimum functionals, in the
present work, because the magnitude of the error does not matter
for our technique that will be presented shortly (Eqs. (4) and (5)). In
any case, we can expect that the SFS scheme may be able to calcu-
late reasonable relative excitation energies and oscillator strengths.
To calculate more accurate singlet core excitation energies (Eex,S)
than the SFS scheme, we used the multiplet approximation (MA),
Eq. (3);
Eex,S = (2ES/T − ET) − Egr,S (3)
in which ES/T is the average of the total energies for singlet and
triplet excited states of a molecule, and ET is the total energy of
the triplet excited state of the molecule. Egr,S is the total energy of
the singlet ground state. For instance, there are six core molecu-
lar orbitals, ϕC
i
, i = 1, 2, . . .,  6, consisted of linear combinations of
the six C1s atomic orbitals in 1. Orbital energies corresponding to
the six core orbitals are not identical but they are close to each
other; ε1 < ε2< · · · < ε6. The excitation energy from ϕC1 to the low-
est unoccupied molecular orbital (LUMO), ϕVLUMO, of the molecule
1 was calculated by the multiplet approximation to be 284.49 eV
which is very close to the observed value of 284.44 eV. Disadvantage
of the multiplet approximation is its inability to calculate oscilla-
tor strength of the corresponding transition. Oscillator strength of
the corresponding transition can be calculated quite easily buy the
SFS scheme. Combining the advantages of the SFS scheme and the
roscopy and Related Phenomena 185 (2012) 475– 485 477
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Table 1
Valence electron ionization energies of 1, calculated by DFT using PBE0 (SAOP)
potentials with the TZP basis set (Eq. (1)).
Symmetry Observeda DFT OVGF/6-311G(d,p) MNDO
2a2 8.95 8.96 8.77 9.53
4b1 9.50 9.51 9.22 9.90
12b2 10.66 10.78 10.66 12.15
17a1 11.32 11.19 11.12 11.99
1a2 11.7 (sh) 11.47 11.24 12.33
3b1 12.19 11.96 12.28
16a1 12.85 13.71
15a1 12.74 12.97 13.25 14.15
11b2 13.53 13.02 13.09 13.93
2b1 14.76
14.87 14.47 15.43
10b2 14.89 No good 15.55
14a1 15.75 15.73 15.93
13a1 16.19 16.32
9b2 16.53 16.48 16.80
12a1 19.07
8b2 19.38
11a1 20.37
AADb 0 0.14 0.28 0.82
a Symmetry uncertain.
b Average absolute deviation.
Table 2
Valence electron ionization energies of 2, calculated by DFT using SAOP potential
with the TZP basis set (Eq. (1)).
Symmetry Observed DFT OVGF/6-11G(d,p) MNDO
8 7.84 7.54 5.91 8.05
7  9.3 9.35 7.65 9.5
35  10.1 (sh) 10.12 8.18 10.9
6  10.33 10.36 8.13 10.57
34  11.59 9.86 12.26
5 11.65 11.77 9.75 13.15
33  12.22 12.07 10.21 12.66
32 12.65 12.61 10.95 13.39
4  12.87 10.66 12.83
31  13.09 11.5 13.88
30  13.94 13.91 12.32 14.72
3  14.43 12.41 15.47
29 14.87 13.35 15.73
28  15.1 15.19 13.55
27 15.87 15.92 16.49
26 17.27 14.13
AAD 0 0.09 1.71 0.61
Table 3
Valence electron ionization energies of 3, calculated by DFT using PBE0 (SAOP)
potentials with the TZP basis set (Eq. (1)).
Symmetry Observed DFT OVGF/6-311G(d,p) MNDO
4a2 7.88 7.74 7.27 8.15
6b1 8.54 8.6 8.18 8.93
3a2 9.6 (sh) 9.94 9.65 10.01
18b2 9.87 9.86 9.61 10.54
5b1 11 10.7 10.61 11.04
23a1 11.4 11.52 11.44 12.17
22a1 11.78 11.66 12.65
2a2 12.46 12.3 13.02
17b2 12.5 12.58 12.74 13.24
21a1 12.59 12.85 13.32
16b2 13 13.08 13.37 13.91
4b1 13 13.13 12.88 13.5
3b1 14 14.2 16.44 15.45
20a1 14.52 14.53
15b2 14.7 14.84 15.16 15.27
19a1 15.24 15.39Y. Takahata, D.P. Chong / Journal of Electron Spect
ultiplet approximation, we can expect to be able to estimate rea-
onable core excitation energies including oscillator strengths. We
ontinue to take the case of the core excitations from the six molec-
lar orbitals ϕC
i
, i = 1, 2, . . .,  6, as an example. First, the excitation
nergy from ϕC1 to the lowest unoccupied molecular orbital, ϕ
V
LUMO,
f the molecule is calculated by the multiplet approximation. The
xcitation energy thus calculated is designated as Eex (MA: ϕC1 →
V
LUMO). Second, the SFS scheme is employed to calculate excitation
nergies, Eex (SFS: ϕCi → ϕCj ), and corresponding oscillator strengths
rom the six molecular orbitals ϕC
i
, i = 1, 2, . . .,  6, to vacant orbitals
V
j
of the molecule using the same XC functional as that is used
n the MA  calculation. The excitation energy from ϕC1 to ϕ
V
LUMO of
he molecule calculated by the SFS scheme is designated as Eex (SFS:
C
1 → ϕVLUMO). The difference, Eex (ϕC1 → ϕVLUMO), between the two
xcitation energies corresponding to the transition, ϕC1 → ϕVLUMO,
valuated by the two different schemes is calculated by Eq. (4):
Eex (ϕC1 → ϕVLUMO) = Eex (MA  : ϕC1 → ϕVLUMO)
− Eex (SFS : ϕC1 → ϕVLUMO) (4)
We  estimate core excitation energies Eex (ϕCi → ϕVj ) by Eq. (5);
ex (ϕCi → ϕVj ) = Eex (SFS : ϕCi → ϕVj ) + Eex (ϕC1 → ϕVLUMO) (5)
n which the excitation energies calculated by the SFS scheme,
ex (SFS: ϕCi → ϕVj ), is uniformly shifted by the amount of Eex
ϕC1 → ϕVLUMO) which is calculated by Eq. (4).  Oscillator strengths
alculated by the SFS scheme are used together with the shifted core
xcitation energies by Eq. (5) to convolute spectrum. The functional
sed to calculate ES/T, ET, and Egr,S in Eq. (3) for the C, N, and S are
he same as those employed to calculate CEBE of the correspond-
ng atoms, except the cases where S1s and S2s are involved. For
alculation of core excitation involving S1s and S2s orbitals, the sta-
istical average of orbital potentials SAOP was employed for the SCF
=potential) part of the calculation. The energy counterpart were
alculated using XC energy functional, B3LYP*(VWN5) [19] for S1s,
nd KMLYP(VWN5) [20] for S2s respectively. Both B3LYP*(VWN5)
nd KMLYP(VWN5) were selected out of 63 XC functionals tested.
he relativistic correction for S1s excitation energy was  calculated
y Eq. (2),  with K = 6.250 × 10−7 and N = 2.0616.
Spectra of the electronic excitations were convoluted based
pon the calculated excitation energies and oscillator strengths
sing, ﬁrst, a program called SPECTRUM.C [21] which takes a set
f the excitation energies and intensities and produces a data set
uitable for plotting. A reasonable value of HWHM (half-width at
alf-maximum) was selected case by case comparing the convo-
uted spectrum with observed one. Gaussian line shape with step
ize of 0.20 eV was always adopted. In the second step, the software
riginPro 8 [22] was employed for plotting spectra.
. Results and discussion
.1. Ionization energy
Tables 1–3 list calculated vertical valence electron ionization
otentials, in eV, of 1–3. The calculated DFT values are compared
ith those of observed, as well as two other theoretical methods,
uter Valence Green’s Function (OVGF)/6-311G(d,p) and MNDO.
verage absolute deviation (AAD) from the observed values is listed
n the last line of each of the three tables. AAD of DFT is between
.09 and 0.15 eV, while AAD of the other two methods are sub-
tantially greater. Adding the results of the three Tables 1–3,  there
re 26 cases altogether, in which VIP exist among observed, DFT,
VGF and MNDO. AAD of the 26 cases for DFT, OVGF and MNDO,
18a1 16.05 16.43
14b2 16.25 16.63
AAD 0 0.15 0.50 0.58
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Table 4
Calculated and observed CEBE, in eV, of the three molecules 1–3 are compared. The
difference (), between the calculated and the observed (estimated) [3] values are
listed in the last column.
Atom Calc. Observeda 
1
C1 291.8 292a −0.2
C2 290.7 290.5a 0.2
C3  290.7 290.5a 0.2
N1  405.1 405.5a −0.4
S1  (2p) 171.4 170.9a 0.6
S1  (1s) 2480 2479a 1.0
2
C1  291.7 292.0a −0.3
C2  291.1 291.0a 0.1
C3  290.7 290.5a 0.2
C4  290.4 290.5a −0.1
C5  290.5 290.5a 0.0
C6 290.4 290.5a −0.1
N1  404.9 405.5a −0.6
N2  404.5 405.5a −1.0
S1  (2p) 170.5 171a −0.5
S2  (2p) 171.8 172a −0.2
S1  (1s) 2478.9 2479a −0.1
S2  (1s) 2480.6
3
C1 291.2 291.0a 0.2
C3 290.6 290.5a 0.1
C4  290.3 290.5a −0.2
N1 404.8 405.5a −0.7
S1  (2p) 170.5
S2 (2p) 171.76 171.33a 0.4
S1  (1s) 2479.3 2479.0a 0.3
S2  (1s) 2480.3
a
b
o
T
u
w
t
“
a
0
C
T
TAAD 0.4
a Estimated values (Ref. [3]).
re 0.14 eV, 0.86 eV, and 0.66 eV respectively. The accuracy attained
y the DFT method is outstanding. In Table 4, the calculated and
bserved CEBE, in eV, of the three molecules 1–3 are compared.
he difference (), between the calculated and the observed val-
es are listed in the last column of the table. The observed values
ith letter ‘a’ in the table are estimated values. Because of this,
here is some uncertainty regarding the values in the column of
Obs.” The values of  are small for the most of the cases. Average
bsolute deviation of the sixteen C1s and N1s CEBE in the table is
.3 eV, while AAD of the eight S2p and S1s CEBE is 0.6 eV. AAD of
EBE of S atom is larger than that of C and N CEBE. AAD of the whole
able 5
he core excitation energies, in eV, calculated by the multiplet approximation for the thr
Transition Calc. multipl. 
1 (C2v)
C1s 3a1 → 5b1 284.56 
N1s  1b2 → 5b1 398.50 
S2s  6a1 → 5b1 227.66 
S2p  5b2 → 5b1 165.10 
S1s  1a1 → 5b1 2473.80 
2  (Cs)
C1s 5 → 9 284.61 
N1s  3  → 9  397.85 
S2s  11  → 9  225.75 
S2p  13  → 9  165.00 
S1s 1  → 9 2472.01 
3  (C2v)
C1s 4a1 → 7b1 285.32 
N1s  3a1 → 7b1 398.95 
S2s 7a1 → 7b1 223.80 
S2p 7b2 → 7b1 165.82 
S1s  1a1 → 7b1 2470.25 
AAD M1 + M2  + M3  y and Related Phenomena 185 (2012) 475– 485
24 calculated cases in the table from observed values was  0.4 eV.
The maximum deviation of 1.6 eV was  registered for S2 (1s) CEBE
of 2. No XC functional was  found to calculate reasonable S2s CEBE.
3.2. Excitation energy
Table 5 lists total of ﬁfteen core excitation energies, in eV, cal-
culated by the multiplet approximation, Eq. (3), ﬁve core excitation
energies for each of the three molecules, 1–3. Exchange-correlation
functional used are listed in the last column. Error is less than ca.
0.4 eV for excitation energies originated from C1s and N1s. Error
for S2s is generally larger than that for the other. Average abso-
lute deviation from experiment for the ﬁfteen cases is 1.17 eV. If we
exclude the S2s cases, AAD for the remaining twelve cases becomes
0.56 eV.
Employing the SFS scheme and using Eq. (5),  C1s, N1s, S2p,
S2s, and S1s core excitation energies and related data of the three
molecules 1–3 were calculated and they are listed in tables of the
supplementary data. Spectra corresponding to the calculated data
in the tables were convoluted and they are discussed below one by
one. On the left hand side of Fig. 2, we show the convoluted spec-
tra for C1s excitation, in the region between 280 eV and 310 eV, of
1–3. The vertical dotted line in the convoluted spectra shows the
calculated ionization limit. The observed spectra of the molecules
in the literature [3] are shown on the right hand side of the ﬁgure.
We can observe that there are ﬁve bands, A–E, some are distinct,
some are not, in the observed spectra of 1–3. The band A is sharp,
intense and well separated from the rest of bands, located at ca.
284 eV in the three molecules. It is the most outstanding band of all
in the three molecules. The band B is sharp and intense in 1, but its
intensity is low in 2, it is almost invisible in 3. The bands C–E are not
distinct, embedded in the very broad band that stretch from 290 to
310 eV in all the three molecules. The estimated ionization limit is
ca. 291 eV [3].  The energy region above the ionization limit is con-
sidered to be continuum. The very broad band above 290 eV must
be due to the continuum. The peak positions of the bands A–E in the
convoluted spectrum of 1, in eV, are 283.8 (284.4), 286.2 (286.5),
290.5 (290.2), 299.2 (298.3) respectively, where the numbers in the
parentheses are observed excitation energies. Agreement between
theory and experiment is reasonable as far as the peak positions are
concerned. The convoluted spectra reproduce the observed prin-
cipal characters of the bands A and B fairly satisfactorily in the
three molecules. In the observed spectrum of 1, the intensity of
band B is greater than that of A. In the convoluted spectrum of 1,
ee molecules, 1–3.
Observed Error XC functional used
284.44 0.12 pw86x-pw91c
398.6 −0.10 pw86x-pw91c
229.2 −1.54 KMLYP(VWN5) [20]
164.73 0.37 OPTX-LYP
2472.7 1.10 B3LYP*(VWN5) [19]
284.44 0.17 pw86x-pw91c
397.76 0.09 pw86x-pw91c
228.8 −3.05 KMLYP(VWN5) [20]
165.1 −0.10 OPTX-LYP
2472.9 −0.89 B3LYP*(VWN5) [19]
285.1 0.22 pw86x-pw91c
398.6 0.35 pw86x-pw91c
229.6 −5.80 KMLYP(VWN5) [20]
165.1 0.72 OPTX-LYP
2473.2 −2.95 B3LYP*(VWN5) [19]
1.17
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tig. 2. C1s excitation: (a) convoluted spectra using HWHM = 0.5 eV; (b) observed spe
imit.
he intensity of band B is also greater than that of A, although the
ntensity of A is a bit too low. The band A of 1 consists mainly of the
rst singlet excitation, S1 (283.65 eV, B1; 5a1 → 5b1, f = 1.49 × 10−2),
here f is oscillator strength. The band B consists mainly of three
xcitations with signiﬁcant f-values; S10 (285.92 eV, B1; 5a1 → 6b1,
 = 3.25 × 10−2), S11 (286.06 eV, B1; 3b2 → 3a2, f = 4.20 × 10−2) and
15 (286.98 eV, B1; 2b2 → 3a2, f = 4.47 × 10−2). The bands A and B
ie below the ionization limit where there exist quantized excited
tates. The sharp and distinct nature of the two  bands, A and B,
s due to core excitations from the ground state to the quantized
xcited states. The convoluted spectrum does not reproduce well
he observed broad nature of the band shape in the high energy
egion, 290–310 eV, which is above the ionization limit, not only
n 1 but also in 2 and 3. The reasons for this may  be due to the
act that a ﬁnite basis set calculations, as in the ADF implemen-
ation, generate discrete states above threshold which are in part]. The vertical dotted line in the convoluted spectra shows the calculated ionization
just an artifact of the calculations and represent a discretization of
the non-resonant continuum. The fact that the peak positions of
the broad bands, D and E, in the continuum region agree approxi-
mately between theory and experiment, in all the three molecules
treated might be an implication that the interaction with the non-
resonant continuum is weak, and therefore it can be assumed
that the discrete valence transitions calculated above edge may
afford a qualitative estimate of the resonant features. This sort of
consideration concerning above the ionization limit of C1s core
excitation here discussed can be applied to all other cases of N1s,
S2p, S2s, and S1s core excitations. Therefore we will not repeat the
same sort of discussions below. The observed spectrum of 2 shows
two sharp bands, A and B, below ca. 290 eV region. The intensity
of A is much stronger than that of B. The convoluted spectrum
of 2 reproduces roughly the observed A and B bands below ca.
290 eV region. The band A consists of mainly several excitations
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ith close energies of ca. 286 eV, and signiﬁcant f values such
s S12 (285.52 eV; A′′; 9a′ → 10a′′, f = 1.87 × 10−2), S14 (285.70 eV;
′′; 7a′ → 10a′′, f = 1.73 × 10−2), S16 (286.19 eV; A′′; 10a′ → 11a′′,
 = 1.57 × 10−2). The band B is composite of two transitions of signif-
cant intensity; S32 (287.49 eV; A′′; 5a′ → 11a′′, f = 1.77 × 10−2), S33
287.52 eV; A′; 6a′ → 37a′, f = 1.18 × 10−2). A detailed analysis of the
ype of molecular orbitals involved for the transitions in the A and
 bands of 1 and 2 reveals that the origin of the strong band A of
 is similar to that of the strong band B of 1. The weak band B of 2
an be considered as a part of a split of the strong band B of 1. The
bserved spectrum of 3 is very similar to that of 2, only difference
etween the two  being the intensity of the band B is very weak in 3.
he convoluted spectrum of 3 shows two peaks, A and B, below ca.3].  The vertical dotted line in the convoluted spectra shows the calculated ionization
290 eV region. The band A of 3 consists principally of a very strong
transition S8 (285.53 eV; B1; 4a1 → 8b1, f = 6.95 × 10−2).
In Fig. 3(a), the convoluted spectra for N1s excitation, in the
region between 390 eV and 430 eV, of 1–3 are shown. The observed
spectra of the molecules are shown in Fig. 3(b), in which there are
two sharp bands, A and B, below ca. 405 eV region in the three
molecules. There are low intensity and/or broad bands, such bands
as C and D, above ca. 405 eV region in the molecules. The convoluted
spectra of 1–3 reproduce the observed sharp A and B bands reason-
ably well, although the relative intensity of the convoluted band A
is a bit too weak in comparison to the band B in 1 and 2. In case
of 1, the peak positions of A–D bands of the convoluted spectrum
are, in unit of eV, 398.5 (398.6), 400.5 (401.3), 402.4 (402.7), 413
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409.5) respectively, where the numbers in the parentheses are the
bserved excitation energies. The band A of 1 consists mainly of the
rst singlet excitation, S1 (398.5 eV, B1; 2a1 → 5b1, f = 3.01 × 10−2),
here f is oscillator strength. The band B consists of excitation, S3
400.7 eV, B1; 1b2 → 3a1, f = 2.71 × 10−2), while the shoulder band
 is due to excitation, S8 (402.3 eV, B2; 1b2 → 19a1, f = 1.27 × 10−2).
n case of 2, the peak positions of A–D bands of the convoluted spec-
rum are, in unit of eV, 397.8 (397.8), 400.0 (400.1), 402.7 (402.8),
11 (407.4) respectively, where the numbers in the parentheses
re the observed excitation energies. Agreement between theory
nd experiment is reasonable as far as the peak positions are con-
erned. The band A consists mainly of two singlet excitations, S1
397.05 eV, A′′; 4a′ → 9a′′, f = 1.10 × 10−2) and S1 (397.85 eV, A′′;
a′ → 9a′′, f = 2.11 × 10−2). The band B consists of several exci-
ations in which a typical one is S6 (399.78 eV, A′′; 4a′ → 11a′′,
 = 1.20 × 10−2). The band C also consists of several excitations in3].  The vertical dotted line in the convoluted spectra shows the calculated ionization
which a typical one is S23 (402.83 eV, A′; 3a′ → 42a′, f = 1.36 × 10−2).
Relative intensity of B and C is too strong when compared to that
of A. We  can assign A and B bands of 3 in a similar manner. The
convoluted spectrum does not reproduce well the observed one in
the higher energy region than ca. 405 eV in all the three molecules.
Three convoluted spectra of S2p core excitations corresponding to
the three molecules 1–3 are posted in Fig. 4(a). The observed spec-
tra corresponding to the three molecules are shown in Fig. 4(b), in
which there is a well deﬁned single band A at ca. 165 eV in each of
the three. In the region above 170 eV, there is a broad and intense
band. There is a single band A at ca. 168 eV in each of the convo-
luted spectra also. The appearance and position of the band A in
the convoluted spectrum has some resemblance to the observed
band A. The peak positions of A in 1–3, in eV, are 168.4 (168.7),
170.0 (169.1), 168.6 (166.48) respectively, where experimental val-
ues are in parentheses. The band is a composite of many excitations.
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imit  [3].
he band A of 1, for instance, consists mainly of three singlet exci-
ations with signiﬁcant intensities, S6 (167.34 eV, B1; 7a1 → 13b2,
 = 1.00 × 10−2), S8 (167.92 eV, A1; 5b2 → 13b2, f = 1.03 × 10−2), S6
168.77 eV, B2; 1b1 → 19a1, f = 1.74 × 10−2). The broad band in the
egion above 170 eV is also composite of many excitations densely
acked. The 2p shell spin–orbit coupling, which is neglected in
hese calculations, can lead to a spin mixing and intensity redis-
ribution. This could be responsible for some discrepancies in the
omparison with the experiments.
Three convoluted spectra of S2s core excitations corresponding
o the three molecules 1–3 are posted in Fig. 5(a). The observed
pectra corresponding to the three molecules are shown in Fig. 5(b),
n which there is a well deﬁned sharp band A at ca. 230 eV, and
ot well deﬁned and broad band B at ca. 240 eV, in each of the
hree. The appearance and position of band A in the convoluted3]. The vertical dotted line in the convoluted spectra shows the estimated ionization
spectrum has some resemblance to the observed band A. The peak
positions of the band A in 1–3 is, in eV, 230.3 (229.2), 226.7 (228.9),
224.9 (229.6) respectively, where the values in the parentheses are
observed ones. The band A in 1 is a composite of principally two
strong excitations: S1 (227.7 eV, B1; 6a1 → 5b1, f = 8.60 × 10−3) and
S3 (230.1 eV, B2; 6a1 → 13b2, f = 8.60 × 10−3). The position of band B
in the convoluted spectra of the three molecules is generally close to
that of observed one. However, its intensity is too strong. Both A and
B are composite of many excitations. The convoluted spectrum in
the entire region above ca. 235 eV does not reproduce the observed
one.On the left hand side of Fig. 6, we show the convoluted spectra
for S1s excitation of 1–3. The observed spectra of the molecules [3]
are shown on the right hand side of Fig. 6. A strong and sharp band
at ca. 2473 eV is observed in each of the three molecules. Top of
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he strong band is split into two in 1 and 2. There are four bands,
–D, in the observed spectrum of 1. The band A and B belongs to
he strong and sharp band, while C and D are broad and low inten-
ity. The band A is a left hand side shoulder band of the band B
oth in the observed and convoluted spectra. The four bands, A,
, C, and D are located, in eV, 2473.6 (2472.7), 2476.2 (2474.4),
481.6 (2478.8), 2486.2 (2484.9) respectively, where the numbers
n the parentheses are observed values. The band A is due to a
ingle excitation S1 (E = 2473.8 eV, B1: 1a1 → 5b1, f = 2.168 × 10−3).
he band B is a composite of mainly two excitations of signiﬁcant
ntensities; S3 (E = 2476.2 eV, B2: 1a1 → 13b2, f = 3.437 × 10−3) and
5 (E = 2473.8 eV, B1: 1a1 → 5b1, f = 2.168 × 10−3). The energies of
he band peaks of C and D roughly agree between theory and exper-
ment. However, the convoluted band C is too strong in comparison
o the observed one. The convoluted spectrum of 2 reproduces the
harp and intense peak A of the observed one at ca. 2472 eV. It is]. The vertical dotted line in the convoluted spectra shows the calculated ionization
a composite of mainly two  excitations of signiﬁcant intensities; S2
(E = 2472.0 eV, A′′, 1a′ → 9a′′, f = 3.05 × 10−3) and S4 (E = 2472.6 eV,
A′: 2a′ → 36a′, f = 3.39 × 10−3). The band B is a shoulder band at
right hand side of A in the observed spectrum, while a correspond-
ing shoulder band is not visible in the convoluted spectrum. The
corresponding band B is buried on the right hand side of the strong
band A in the convoluted spectrum.
The convoluted spectrum of 3 reproduces the sharp and
intense peak A of the observed one at ca. 2471 eV. It is a com-
posite of mainly three excitations of signiﬁcant intensities; S1
(E = 2469.1 eV, B1, 2a1 → 7b1, f = 1.61 × 10−3), S3 (E = 2470.2 eV, B1,
1a1 → 7b1, f = 2.68 × 10−3) and S4 (E = 2470.5 eV, B1: 1b2 → 5a2,
f = 1.13 × 10−3). There is no visible band B in both observed and
convoluted spectra of 3, while band B can be observed in 1 and
2. The position of the band peaks of C and D in the convoluted
spectra is similar among 1–3. The intensity of the band C is too
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ntense in the convoluted spectra. The convoluted spectrum does
ot reproduce well the observed one in the region greater than
480 eV in all the three molecules.
Fig. 7(a) shows convoluted spectra, in the region between
50 nm and 450 nm,  for 1–3, while an observed UV absorption
pectrum [23], in the region between 200 nm and 350 nm, of 1
s reproduced schematically in Fig. 7(b). There are three bands,
–C, above 200 nm region in both the convoluted and the observed
pectra. The separation between A and B is a bit too much in the
imulated spectrum in comparison to the observed one. The inten-
ity of A is also not well calculated by the theory. The peak positions
f the two bands, B and C, in the convoluted spectrum are close to
hose of experiment. The band A is due to mainly the excitation
1 (350.7 nm,  B2: 2a2 → 5b1, f = 2.69 × 10−2). The band B is due to
he excitation S2 (290.5 nm,  A1: 4b1 → 5b1, f = 0.183). The band Cm,  (b) observed UV spectrum [21] of 1, schematically reproduced.
is mainly due to the strong excitation S7 (210.1 nm,  A1: 2a2 → 3a2
and 3b1 → 5b1, f = 0.308).
4. Conclusions
The average absolute deviation from experiment of the 26
valence electron ionization energies calculated by DFT  for the three
molecules 1–3 was  0.14 eV. It was  demonstrated that one can calcu-
late very accurate VIP by the SCF method using statistical average
of orbital potentials for the SCF (=potential) part of the calcula-
tion and PBE0 functional for the energy counterpart. As far as core
ionizations are concerned, the average absolute deviation of the
sixteen C1s and N1s CEBE was  0.3 eV, while AAD of the eight S2p
and S1s CEBE was 0.6 eV. AAD of CEBE of S atom is larger than that
of C and N CEBE. AAD of the whole 24 calculated CEBE cases from
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[Y. Takahata, D.P. Chong / Journal of Electron Spect
bserved value were 0.4 eV. Fifteen core excitation energies alto-
ether were calculated by the multiplet approximation, Eq. (3), for
he three molecules, 1–3. Average absolute deviation from exper-
ment for the ﬁfteen cases was 1.17 eV. If we exclude S2s cases,
AD for the remaining twelve cases becomes 0.56 eV. This indicates
hat the multiplet approximation is generally a reliable method
or calculation of core excitation energies. The S1s core excitation
nergy calculated using the functional BmTau1 gave a large error.
he Becke88x + BR89c were selected as the best for the calculation
f S1s core excitation energy out of 63 different functionals tested.
he basis set of triple zeta plus polarization (TZP) was  shown to be
he most cost effective for all type of calculations reported in the
resent work. Concerning to calculation of core and valence elec-
ron excitation energies and oscillator strengths, Time-dependent
FT was employed. Some selected occupied core orbitals were
sed to calculate core-excitation energies, which is based on the
ork of Sterner–Frozoni–Simone. The core excitation energies thus
alculated show an average error of ca. 28 eV in case of 1. They
ere shifted to the value calculated by the multiplet approxima-
ion according to Eq. (5).  Convoluted spectra based upon the shifted
nergies and oscillator strengths reproduce the one or two lowest
nergy band(s) of observed spectra below ionization limit fairly sat-
sfactory, whereas they deviate from experiment in the high-energy
egion above the ionization limit. The shifted method does not use
ny observed value to determine the magnitude of the shift. It is
ntirely theoretical method that combines the multiplet approxi-
ation and the Sterner–Frozoni–Simone scheme. All the observed
SEELS spectra reported in the literature [3] show one or two sharp
nd well dissolved bands below ionization limit, and very broad
and above the ionization limit. Useful information can be obtained
ainly from analyzing the well dissolved bands in the low energy
egion of the spectra. The proposed shifted method has been shown
o reproduce the observed data at the low energy region fairly sat-
sfactory. One can use it to predict and/or analyze X-ray absorption
pectra or inner-shell excitation by electron energy loss spectra of
olecules in low energy region. Reasonable agreement between
heory and experiment also was obtained for the valence electron
xcitations. Finally, this work demonstrates the importance of the
resence of good experimental data in order to verify reliability of
n established theoretical technique and develop a new one.
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